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Introduction {#chem201805664-sec-0001}
============

The catalytic properties of zeolites are strongly determined by their Brønsted acidity, which is governed by the Si/Al ratio of the zeolite framework. Additionally, the spatial distribution of framework and extra‐framework Al affects the overall reactivity of zeolites.[1](#chem201805664-bib-0001){ref-type="ref"}, [2](#chem201805664-bib-0002){ref-type="ref"}, [3](#chem201805664-bib-0003){ref-type="ref"} Hydrothermal treatment (i.e., steaming) causes pore enlargement by modifying the zeolite microporosity, which enhances the diffusion properties of the zeolite framework through dealumination. Upon steaming, framework Al species are removed forming non‐framework Al sites.[4](#chem201805664-bib-0004){ref-type="ref"} Therefore, steaming alters the overall activity of zeolites.[5](#chem201805664-bib-0005){ref-type="ref"}, [6](#chem201805664-bib-0006){ref-type="ref"}, [7](#chem201805664-bib-0007){ref-type="ref"}, [8](#chem201805664-bib-0008){ref-type="ref"}, [9](#chem201805664-bib-0009){ref-type="ref"}, [10](#chem201805664-bib-0010){ref-type="ref"}, [11](#chem201805664-bib-0011){ref-type="ref"}, [12](#chem201805664-bib-0012){ref-type="ref"}, [13](#chem201805664-bib-0013){ref-type="ref"}, [14](#chem201805664-bib-0014){ref-type="ref"} A fine balance is required between the number of Brønsted acid sites (i.e., the amount of active sites) and the mesopore volume formed through steaming (i.e., improving the accessibility towards the active sites).

It is fair to state that vibrational spectroscopies are (one of) the major characterization tools utilized in zeolite science and technology as they can provide structural and bond information about the zeolite frameworks.[15](#chem201805664-bib-0015){ref-type="ref"}, [16](#chem201805664-bib-0016){ref-type="ref"} In particular, infrared (IR) spectroscopy has been one of the most common spectroscopic methods used to study the structure and reactivity of zeolite‐based materials, often in combination with probe molecules, such as pyridine, ammonia, CO, and NO. In comparison to IR spectroscopy, Raman spectroscopy is rather under‐utilized in zeolite science, mainly because of the difficulty of obtaining Raman spectra with reasonable signal‐to‐noise (S/N) ratio. However, the principle of confocality that is lacking in IR microscopy, makes Raman microscopy a useful tool for zeolite characterization.[16](#chem201805664-bib-0016){ref-type="ref"}, [17](#chem201805664-bib-0017){ref-type="ref"} The major difficulty of measuring Raman spectra of zeolites is attributed to the often‐encountered broad fluorescence, which is an intrinsic property of zeolites.[18](#chem201805664-bib-0018){ref-type="ref"} Moreover, the presence of small amounts of organic molecules (mainly coming from template molecules used for the synthesis of zeolites) can also overshadow the characteristic (weak) Raman bands of the zeotype frameworks. This is because the spectrum of these organic molecules is massively enhanced when the laser frequency matches with the frequency of their electronic transitions; a process which is known as the resonance Raman effect.[19](#chem201805664-bib-0019){ref-type="ref"} High‐temperature treatments under an oxidative atmosphere are reported to resolve the issue of organic impurities, as it is considered that these conditions are able to remove the hydrocarbon species responsible for fluorescence.[20](#chem201805664-bib-0020){ref-type="ref"}

The problem of broad fluorescence could be (partially) solved by using lasers of appropriate wavelength with respect to the type of materials researched.[16](#chem201805664-bib-0016){ref-type="ref"} Especially, UV lasers have helped to overcome the fluorescence problem in Raman spectroscopy of zeolites. Some active groups in this field of research include those of Li,[19](#chem201805664-bib-0019){ref-type="ref"} Dutta,[21](#chem201805664-bib-0021){ref-type="ref"} and Stair,[22](#chem201805664-bib-0022){ref-type="ref"} as well as of Lamberti, Zecchina and Bordiga[23](#chem201805664-bib-0023){ref-type="ref"} and we refer here to some of their seminal papers for further information. For example, it has been possible to probe the dealumination extent within the MFI framework using UV‐Raman spectroscopy.[24](#chem201805664-bib-0024){ref-type="ref"} Similarly, temperature‐dependent coke formation under hydrocarbon conversion process conditions in zeolites ZSM‐5 and USY was also studied with Raman spectroscopy using a UV laser.[19](#chem201805664-bib-0019){ref-type="ref"}

The first assignments of vibrational bands of zeolites, however, were proposed by Flanigen and co‐workers.[25](#chem201805664-bib-0025){ref-type="ref"} They based their assignments on a series of systematic IR investigations of silica, as well as non‐zeolitic (silicate) minerals.[26](#chem201805664-bib-0026){ref-type="ref"} Over time, researchers categorized the variety of zeolite framework topologies and composition of bulk zeolite materials using vibrational spectroscopies.[15](#chem201805664-bib-0015){ref-type="ref"}, [19](#chem201805664-bib-0019){ref-type="ref"}, [23](#chem201805664-bib-0023){ref-type="ref"}, [24](#chem201805664-bib-0024){ref-type="ref"}, [25](#chem201805664-bib-0025){ref-type="ref"}, [27](#chem201805664-bib-0027){ref-type="ref"}, [28](#chem201805664-bib-0028){ref-type="ref"}, [29](#chem201805664-bib-0029){ref-type="ref"}, [30](#chem201805664-bib-0030){ref-type="ref"} The most intense Raman bands of zeolites are located between 300--600 cm^−1^.[15](#chem201805664-bib-0015){ref-type="ref"} The bands in this spectral region are highly structure‐sensitive, which means the occurrence of differently sized building units in the zeolite structure corresponds to different frequencies.[31](#chem201805664-bib-0031){ref-type="ref"}

As zeolites are generally constructed from TO~4~ tetrahedra (T: tetrahedral atoms, such as Al, Si, P...), the most intense band in this spectral region is assigned to the vibration of an oxygen atom in a plane perpendicular to the T‐O‐T bonds.[1](#chem201805664-bib-0001){ref-type="ref"}, [15](#chem201805664-bib-0015){ref-type="ref"} It was shown that for zeolites containing only even‐membered rings (MR) (i.e., 4MR, 6MR, 8MR.) this band is found at 500 cm^−1^. Examples include CHA and FAU. In contrast, the presence of a 5MR lowers the main frequency of the band to 390--460 cm^−1^. For instance, FER has an intense Raman band at 430 cm^−1^, whereas MFI has this Raman band at 380 cm^−1^.[21](#chem201805664-bib-0021){ref-type="ref"} Similarly, vibrational bands at 500--650 cm^−1^ and 300--420 cm^−1^ are due to external linkage vibrations, namely vibrations of double four‐membered rings (D4R), double five‐membered rings (D5R), or double six‐membered rings (D6R), and pore opening vibrations, respectively.[32](#chem201805664-bib-0032){ref-type="ref"} The other dominant bands are reported to occur in the ranges 650--790 and 950--1250 cm^−1^, which are tentatively assigned to the asymmetrical stretching mode of (O‐T‐O) and to the symmetrical stretching mode (O‐T‐O) of the TO~4~ tetrahedra, respectively. Further band assignments for zeolite ZSM‐5, as reported in various studies, are listed in Table [1](#chem201805664-tbl-0001){ref-type="table"}. However, some of the Raman vibrational modes of zeolites are not clearly assigned due to the very similar physicochemical properties of Al and Si atoms, which are difficult to differentiate by vibrational spectroscopies. Therefore, some of the vibrations in the literature are stated as T−O where T refers to Al or Si atoms; they can be considered as tentative.

###### 

Literature survey of the Raman band assignments of zeolite ZSM‐5.

  Band position \[cm^−1^\]   Vibrational mode assignments^\[a\]^   Ref.                                            Band position \[cm^−1^\]   Vibrational mode assignments^\[a\]^   Ref.
  -------------------------- ------------------------------------- ----------------------------------------------- -------------------------- ------------------------------------- -----------------------------------------------
  294                        δ (T‐O‐T) of 6MR                      [32](#chem201805664-bib-0032){ref-type="ref"}   617                        D4R                                   [33](#chem201805664-bib-0033){ref-type="ref"}
  360                        δ (D6R)                               [15](#chem201805664-bib-0015){ref-type="ref"}   673                        δ (Si‐O‐Al)                           [34](#chem201805664-bib-0034){ref-type="ref"}
  380                        ν~s~ (T‐O‐T)                          [21](#chem201805664-bib-0021){ref-type="ref"}   723                        ν~s~ (T−O)                            [35](#chem201805664-bib-0035){ref-type="ref"}
  408                        δ (O‐T‐O)                             [36](#chem201805664-bib-0036){ref-type="ref"}   745                        ν (Si‐O‐Al)                           [24](#chem201805664-bib-0024){ref-type="ref"}
  438                        ν (Si‐O‐Si)                           [37](#chem201805664-bib-0037){ref-type="ref"}   800                        ν~s~ (Si‐O‐Si)                        [38](#chem201805664-bib-0038){ref-type="ref"}
  454                        δ (O‐Si‐O(Al))                        [39](#chem201805664-bib-0039){ref-type="ref"}   814                        ν~t,as~ (Al−O)                        [36](#chem201805664-bib-0036){ref-type="ref"}
  470                        δ (Si−O)                              [40](#chem201805664-bib-0040){ref-type="ref"}   832                        (Al^6^−O)                             [41](#chem201805664-bib-0041){ref-type="ref"}
  548                        D5R                                   [42](#chem201805664-bib-0042){ref-type="ref"}   890                        δ (O‐Si‐H)                            [38](#chem201805664-bib-0038){ref-type="ref"}
  590                        ν~s~ (Al‐O‐Si)                        [29](#chem201805664-bib-0029){ref-type="ref"}   901                        ν~m~ (D6R)                            [36](#chem201805664-bib-0036){ref-type="ref"}
  598                        ν (Al‐O‐Si)                           [21](#chem201805664-bib-0021){ref-type="ref"}   967                        δ ~*m*~, ν~m~ (T−O)                   [43](#chem201805664-bib-0043){ref-type="ref"}

\[a\] Notation for the various motions of atoms within the normal modes is defined as follows: ν, stretching; δ, bending; s, symmetric; as, asymmetric. \#MR stands for the \# membered ring vibration and D\#R stands for the \# membered double ring vibration.
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Here, we have studied the effect of steaming on the integrity of the structure of large zeolite ZSM‐5 crystals with Raman microscopy. It is known from previous studies that the large zeolite ZSM‐5 crystals used in this study (and synthesized using a TPA^+^ template) have Al enrichment on the crystal edges and the outer surface.[44](#chem201805664-bib-0044){ref-type="ref"}, [45](#chem201805664-bib-0045){ref-type="ref"}, [46](#chem201805664-bib-0046){ref-type="ref"}, [47](#chem201805664-bib-0047){ref-type="ref"}, [48](#chem201805664-bib-0048){ref-type="ref"} In this work, parent (non‐steamed) zeolite ZSM‐5 crystals (further denoted as P‐ZSM‐5) are compared with two sets of steamed ZSM‐5 crystals that are either mildly treated at 500 °C (further denoted as MT‐ZSM‐5) or severely treated crystals at 700 °C (further denoted as ST‐ZSM‐5). Previous studies with scanning electron microscopy (SEM) and atomic force microscopy (AFM) have demonstrated that there is no significant change in the overall morphology of the zeolite ZSM‐5 crystal upon steaming under the above‐written conditions.[11](#chem201805664-bib-0011){ref-type="ref"} It was also demonstrated that the central regions of the crystal do change their surface topography at the nanometer scale after steaming, whereas the tip regions show minimal alteration. These findings are summarized in section S1 (Figure S1) of the Supporting Information, whereas further details on these large zeolite ZSM‐5 crystals can be found in the literature.[49](#chem201805664-bib-0049){ref-type="ref"}, [50](#chem201805664-bib-0050){ref-type="ref"}, [51](#chem201805664-bib-0051){ref-type="ref"}, [52](#chem201805664-bib-0052){ref-type="ref"}, [53](#chem201805664-bib-0053){ref-type="ref"}, [54](#chem201805664-bib-0054){ref-type="ref"}

By using the confocality of Raman microscopy, it becomes possible to map the spatial heterogeneities within the zeolite ZSM‐5 crystals in 3D that are introduced by steaming. Furthermore, through a detailed comparison of the Raman spectra collected, we collected a set of fingerprint spectra along with plausible assignments of Raman bands related to framework and extra‐framework Al, as well as defect sites, which could serve as inspiration for theoreticians to further refine the assignments of vibrational modes of zeolite‐based materials.

Results and Discussion {#chem201805664-sec-0002}
======================

Figure [1](#chem201805664-fig-0001){ref-type="fig"} shows the averaged 3D Raman spectra of the zeolite P‐ZSM‐5, MT‐ZSM‐5, and ST‐ZSM‐5 crystals in the region of 250--1000 cm^−1^. The first striking difference in the Raman spectra of the three distinct zeolite ZSM‐5 crystals is the variety of spectral intensity of the measurements. The intensity of the Raman scattered radiation, *I*, for a sample can be simply expressed using Equation [(1)](#chem201805664-disp-0001){ref-type="disp-formula"}:[55](#chem201805664-bib-0055){ref-type="ref"} $$I{\propto v}^{4}I_{o}N\left( \frac{\partial\alpha}{\partial Q} \right)^{2}$$

![Averaged Raman spectra of the zeolite P‐ZSM‐5 (black), MT‐ZSM‐5 (red), and ST‐ZSM‐5 (blue) crystals. The spectral integration time was 7 s. The inset highlights the 720--900 cm^−1^ spectral region.](CHEM-25-7158-g001){#chem201805664-fig-0001}

where:

$\nu\mspace{720mu}$ =Frequency of the exciting laser

*I~o~*=Incident laser intensity

*N*=Number of scattering molecules

*α*=Polarizability of the molecules

*Q*=Vibrational amplitude

The term $\left( \frac{\partial\alpha}{\partial Q} \right)^{2}$ describes the change in polarizability caused by molecular vibrations. For a vibration to be Raman active it must cause a change in the polarizability. As the term is squared it becomes greater than zero. Considering a constant laser intensity and a fixed measurement geometry, the Raman band intensities are directly related to the number of scattering molecules, *N*. The number *N* depends on the analyte concentration and the illuminated volume. Nano‐ and micro‐scale irregularities and physical defects are known to be present in zeolite crystals. So, at a given point, the focal volume may vary due to such defect sites. Furthermore, the Raman signals generated from a specific volume is expected to be different than the signal read by the spectrometer due to scattering effects, which is also dependent on the sample geometry and physical defects in the analyte volume.

In order to obtain accurate and quantitative spectral intensity, a normalization procedure was necessary to correct for overall intensity variations. Amongst the many normalization methods possible, we have used the method of "normalization with respect to maximum intensity".[56](#chem201805664-bib-0056){ref-type="ref"} The most prominent band detected in the spectrum of the parent zeolite ZSM‐5 crystal was the O atom vibration within the T‐O‐T bond plane at 380 cm^−1^.This band also remained the most intense Raman band in spectra for zeolite crystals that have been steamed. Therefore, we used the intensity of this Raman band as the denominator to normalize the spectra. In this way, the comparison of the relative spectral differences between the averaged Raman spectra of the pre*‐* and post‐steamed zeolite ZSM‐5 crystals can be performed with greater accuracy. The result of the normalization is shown in Figure [2](#chem201805664-fig-0002){ref-type="fig"}. The steaming procedure clearly produced spectral differences in the region of 400*--*500 cm^−1^ (indicated by the yellow area in Figure [2](#chem201805664-fig-0002){ref-type="fig"}) in comparison to the parent ZSM‐5 crystal. All the prominent bands in this region, that is, ν(Si‐O‐Si)[37](#chem201805664-bib-0037){ref-type="ref"} at 438 cm^−1^, δ (O‐Si‐O(Al))[39](#chem201805664-bib-0039){ref-type="ref"} at 454 cm^−1^, and δ (Si−O)[40](#chem201805664-bib-0040){ref-type="ref"} at 470 cm^−1^ were observed to decrease in intensity. The ν(Si‐O‐Si) band became the most intense of the three peaks observed in the 400 to 500 cm^−1^ region in the steamed crystals, whereas in the parent crystal the δ(Si−O) band at 470 cm^−1^ was dominant. In contrast, the bands in the 700*--*850 cm^−1^ (indicated by the orange area in Figure [2](#chem201805664-fig-0002){ref-type="fig"}) were observed to increase in intensity in steamed crystals when compared to the parent crystal, with apparent loss of the ν(Si‐O‐Al) peak at 745 cm^−1^ upon steaming. These regions were chosen as the main areas of interest for further analysis.

![Normalized and averaged Raman spectra of zeolite P‐ZSM‐5 (black), MT‐ZSM‐5 (red) and ST‐ZSM‐5 (blue) crystals with indicated Raman band assignments, as summarized in Table [1](#chem201805664-tbl-0001){ref-type="table"}.](CHEM-25-7158-g002){#chem201805664-fig-0002}

The goodness‐of‐fit was determined with the chi‐square test (*χ* ^2^). Table [2](#chem201805664-tbl-0002){ref-type="table"} summarizes the *χ* ^2^ results for the average Raman spectra of each zeolite ZSM‐5 crystal under study. Further information regarding the goodness‐of‐fit calculation can be found in experimental section of the paper. The data collected from the first 4m starting from the P‐ZSM‐5 zeolite outer surface were not included in the chi‐square calculation due to the high level of noise.

###### 

Goodness‐of‐fit for the normalized and averaged Raman spectra of the zeolite ZSM‐5 samples indicated by *χ* values. (*χ* ^2^=1 ideal fit; *χ* ^2^\<3 convergence; *χ* ^2^\>3 minimum without convergence).

  Sample     *χ* ^2^
  ---------- ---------
  P‐ZSM‐5    3.08
  MT‐ZSM‐5   1.58
  ST‐ZSM‐5   1.66
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In the first part of our study, we have performed a *z*‐stack analysis for which 5 μm×5 μm areas were chosen in the middle of the Raman measurement layers. The spectra were averaged in these Raman maps measured for each zeolite ZSM‐5 crystal under study. A cuboid volume taken from each zeolite ZSM‐5 crystal was evaluated. The location of the cuboid, with respect to the total measurement area is indicated in Figure [3](#chem201805664-fig-0003){ref-type="fig"}. The first map was measured from the crystal surface, whereas the last map was measured from the mid‐region (10 μm towards the crystal core starting from the outer surface).

![SEM image of a zeolite ZSM‐5 crystal (100×20×20 μm). Green layers indicate the location of the Raman maps of the zeolite ZSM‐5 crystal, whereas the analyzed volume for the *z*‐stack analysis is shown by the indicated red cuboid (5×5×10 μm).](CHEM-25-7158-g003){#chem201805664-fig-0003}

The *z*‐stack analysis of the normalized Raman spectra of a zeolite P‐ZSM‐5 crystal is shown in Figure [4](#chem201805664-fig-0004){ref-type="fig"} a. In addition, the zoomed spectral regions of interest are shown in Figure [4](#chem201805664-fig-0004){ref-type="fig"} b,c. The spectra measured from the first 4 layers (the first 4 μm starting from the zeolite outer surface) were too noisy, possibly due to a smaller amount of material within the laser focal area or due to lower scattering intensity of materials within the layers. Therefore, these spectra (spectra number 1--4) are shown in transparent colors so that they do not obscure the rest of the Raman spectra (spectra number 5--10).

![a) Normalized and averaged Raman spectra of each 2D Raman map of a large zeolite P‐ZSM‐5 crystal from the chosen area for *z*‐stack analysis. Each map is numbered according to the depth they were measured from. The zoomed‐in spectral region of the zeolite P‐ZSM‐5 crystal *z*‐stack for the b) 400--500 cm^−1^ and c) 720--850 cm^−1^ spectral regions. The zoomed‐in regions in panel (b) and (c) were highlighted in blue and orange, respectively. The spectral integration time was 7 s.](CHEM-25-7158-g004){#chem201805664-fig-0004}

The Raman band located at 438 cm^−1^, ascribed to the stretching mode of the Si‐O‐Si bond, and the Raman band at 454 cm^−1^ that is the bending mode of the (O‐Si‐O(Al)) vibration, were observed to increase in intensity when moving towards the inner regions of the zeolite P‐ZSM‐5 crystal. The Raman band 470 cm^−1^ (ascribed to the bending mode of the (Si−O) vibration) showed the opposite behavior with respect to the measurement depth. In contrast, the spectral intensity of the Raman band located at 745 cm^−1^, ascribed to the Si‐O‐Al bridge stretching mode, has been proposed in the literature to be a direct indicator of the Brønsted moiety (i.e., the amount of Brønsted acid sites).[24](#chem201805664-bib-0024){ref-type="ref"}

This Raman band decreased in intensity when moving towards the deeper regions of the zeolite crystal, as illustrated in Figure [4](#chem201805664-fig-0004){ref-type="fig"} c. We have fitted the Voigt functions of this Raman band and calculated the area under each function, which was taken as a direct measure for the amount of Brønsted acid sites. Curve fitting details and parameters can be found in section S2 of the Supporting Information. We have used a least‐squares polynomial fit to show the relationship between the amount of Brønsted sites (by taking the spectral intensity of the Raman band at 745 cm^−1^) and the depth in the zeolite P‐ZSM‐5 crystal.

The results are summarized in Figure [5](#chem201805664-fig-0005){ref-type="fig"} a. It is clear that the amount of Brønsted sites (and therefore the amount of framework Al species[57](#chem201805664-bib-0057){ref-type="ref"}) is characterized by an exponentially decaying trend when moving from the outer zeolite crystal surface towards the inner core of the zeolite crystal. The Raman band at 800 cm^−1^, which was assigned to symmetric vibrations of Si‐O‐Si bonds showed an increase in deeper regions of the crystal. This trend possibly indicates the silicalite‐rich inner zeolite core of the zeolite ZSM‐5 crystal. The normalized average spectra comparison, shown in Figure [2](#chem201805664-fig-0002){ref-type="fig"}, does not indicate clear intensity differences of the Raman active band present at 800 cm^−1^. However, the Raman bands located at 814 and 832 cm^−1^ showed distinctive differences caused by steaming treatment. Therefore, we have investigated the trend of these two Raman bands at 814 and 832 cm^−1^ within a single P‐ZSM‐5 crystal, as shown in Figure [5](#chem201805664-fig-0005){ref-type="fig"} b. None of these Raman bands showed a clear depth dependency.

![a) The relative amount of Brønsted acid sites (by determining the area under the fitted Voigt function of the 745 cm^−1^ Raman band from the averaged spectra shown in Figure [4](#chem201805664-fig-0004){ref-type="fig"}) with respect to the zeolite P‐ZSM‐5 crystal depth. The red dashed curve shows the fitted polynomial function. b) The relative amount of Al−O bond (by determining the area under the fitted Voigt function of the 814 and 832 cm^−1^) with respect to the zeolite P‐ZSM‐5 crystal depth.](CHEM-25-7158-g005){#chem201805664-fig-0005}

We have applied the same *z*‐stack analysis to a zeolite MT‐ZSM‐5 crystal and the corresponding spectra are shown in Figure [6](#chem201805664-fig-0006){ref-type="fig"}. For the zeolite MT‐ZSM‐5 crystal measurement, the last 2D Raman map from the depth of 10 μm did not produce any meaningful results due to an instrumental error, and has therefore been excluded from our analysis. Unlike the Raman bands of the zeolite P‐ZSM‐5 crystal, the spectral intensity did not differ between the outer and inner regions of the crystal.

![a) Normalized and averaged Raman spectra of each 2D Raman map of a large zeolite MT‐ZSM‐5 crystal from the chosen area for *z*‐stack analysis. Each map is numbered according to the depth they were measured from. The zoomed‐in spectral region of the zeolite MT‐ZSM‐5 crystal *z*‐stack for the b) 400--500 cm^−1^ and c) 720--850 cm^−1^ spectral regions. The zoomed‐in regions in panel (b) and (c) were highlighted in blue and orange, respectively. The spectral integration time was 7 s.](CHEM-25-7158-g006){#chem201805664-fig-0006}

However, the Raman spectra themselves showed distinct differences when the parent and steamed zeolite crystals were compared. For instance, the relative spectral intensity differences for the Raman bands at 454 and 470 cm^−1^ were quite different for zeolite MT‐ZSM‐5 in comparison to zeolite P‐ZSM‐5. In addition, both Raman bands were clearly more intense for P‐ZSM‐5 than for MT‐ZSM‐5. These differences can be explained by the effect of the steaming procedure on the structural integrity of the zeolite ZSM‐5. The presence of water at elevated temperatures, in addition to thermal effects, causes the hydrolytic splitting of the Si‐O‐Al‐bonds.[12](#chem201805664-bib-0012){ref-type="ref"} The Al species, leaving the zeolite framework, can migrate towards the formed mesopores[58](#chem201805664-bib-0058){ref-type="ref"} to create either framework species (Brønsted acid sites) or non‐framework species.[59](#chem201805664-bib-0059){ref-type="ref"} This migration causes (partial) decomposition of the framework. The decomposed parts of the zeolite framework form silicic acid, which leads to healing of the Al vacancy.[60](#chem201805664-bib-0060){ref-type="ref"} The Raman bands at 454 and 470 cm^−1^, therefore, could be used as a measure of the structural integrity of zeolite ZSM‐5 crystals. On the other hand, no clear depth relation of the Raman band at 438 cm^−1^ was detected for the MT‐ZSM‐5 crystal compared to the P‐ZSM‐5 crystal. The Raman band located at 745 cm^−1^, which indicates the presence of Brønsted acid sites, was less intense for all the measured layers of the zeolite MT‐ZSM‐5 crystal, as expected when compared to the zeolite P‐ZSM‐5 crystal. A least squares polynomial function was also fitted to the data to show the relationship between the amount of Brønsted acid sites and the measurement depth for the MT‐ZSM‐5 crystal. This is illustrated in Figure [7](#chem201805664-fig-0007){ref-type="fig"} a. The decay trend of the Brønsted acidity concentration was observed to be more linearized. This means that the amount of Al near the top crystal surface decreased when compared to a parent zeolite ZSM‐5 crystal. In contrast, the other Raman bands at 814 and 832 cm^−1^, which are indicative for the Al distribution, had different trends with respect to the crystal depth for the zeolite MT‐ZSM‐5 crystal. The concentration of the Al species indicated by these bands were elevated in intensity below the near surface region (i.e., 2--5 μm depth), where the Al‐enriched region is located.[44](#chem201805664-bib-0044){ref-type="ref"} This is illustrated in Figure [7](#chem201805664-fig-0007){ref-type="fig"} b. The accumulation of migrated Al species due to steaming is likely the cause for the elevated Al signal in this region. The band located at 800 cm^−1^ did not show any clear depth dependency for the zeolite MT‐ZSM‐5 crystal measurement. Finally, the *z*‐stack analysis was performed on the zeolite ST‐ZSM‐5 crystal. The results are shown in Figure [8](#chem201805664-fig-0008){ref-type="fig"}. The relative intensity of the Raman bands at 438, 454 and 470 cm^−1^, which are assigned to ν(Si‐O‐Si), δ(O‐Si‐O(Al)), and δ(Si−O), respectively, indicated a similar distribution to the zeolite MT‐ZSM‐5 crystal. However, for the measurement of the P‐ZSM‐5 crystal, these bands were more depth‐dependent and also had a different relative intensity distribution.

![a) The relative amount of Brønsted acid sites (by determining the area under the fitted Voigt function of the 745 cm^−1^ Raman band from the averaged spectra shown in Figure [6](#chem201805664-fig-0006){ref-type="fig"}) with respect to the zeolite MT‐ZSM‐5 crystal depth. The red dashed curve shows the fitted polynomial function. b) The relative amount of Al−O bond (by determining the area under the fitted Voigt function of the 814 and 832 cm^−1^) with respect to the zeolite MT‐ZSM‐5 crystal depth.](CHEM-25-7158-g007){#chem201805664-fig-0007}

![a) The relative amount of Brønsted acid sites (by determining the area under the fitted Voigt function of the 745 cm^−1^ Raman band) with respect to the zeolite ST‐ZSM‐5 crystal depth. The red dashed curve shows the fitted polynomial function. b) The relative amount of Al−O bond (by determining the area under the fitted Voigt function of the 814 and 832 cm^−1^) with respect to the zeolite ST‐ZSM‐5 crystal depth.](CHEM-25-7158-g008){#chem201805664-fig-0008}

As we previously mentioned for the MT‐ZSM‐5 crystal measurement, the difference in the relative intensity of these Raman bands between the steamed and the parent zeolite ZSM‐5 crystals may be related to the framework decomposition. Therefore, these bands might be an indicator for the structural integrity of the zeolite ZSM‐5 framework. The distribution of Brønsted acid concentration was calculated through the comparison of the intensity profile of the spectral band at 745 cm^−1^, as shown in Figure [9](#chem201805664-fig-0009){ref-type="fig"} a. The decay trend indicated the Brønsted acidity dependency with depth was less pronounced.

![a) The relative amount of Brønsted acid sites (by determining the area under the fitted Voigt function of the 745 cm^−1^ Raman band from the averaged spectra shown in Figure [8](#chem201805664-fig-0008){ref-type="fig"}) with respect to the zeolite ST‐ZSM‐5 crystal depth. The red dashed curve shows the fitted polynomial function. b) The relative amount of Al−O bond (by determining the area under the fitted Voigt function of the 814 and 832 cm^−1^) with respect to the zeolite ST‐ZSM‐5 crystal depth.](CHEM-25-7158-g009){#chem201805664-fig-0009}

Due to the severe steaming conditions, the migration of the Al species increased the Al concentration in the inner regions of the zeolite crystal. This migration can also be followed with the intensity profiles of the Raman bands at 814 and at 832 cm^−1^, as shown in Figure [9](#chem201805664-fig-0009){ref-type="fig"} b. Their trends were similar to the zeolite MT‐ZSM‐5 crystal. An increase of the intensities of these two Raman bands indicates a spatial enrichment of specific Al−O vibrations, possibly due to the increase of split Al species from the outer regions of the framework. As explained before, both of these Raman bands were previously assigned to vibrations of Al species. Similar to the MT‐ZSM‐5 measurement, no clear depth dependency for the band located at 800 cm^−1^ was observed. This indicates that the Si‐O‐Si network, reflected in changes to the 800 cm^−1^ band, does not change significantly with depth. Our experiments showed a similar intensity trend of the Raman bands 814 and 832 cm^−1^, but a different trend of the band 745 cm^−1^. The band at 745 cm^−1^ has been related to framework Al species, thus Brønsted acid moieties, suggesting that these species decrease in number with depth in the ST‐ZSM‐5 crystal. Previous work has also attributed the 814 and 832 cm^−1^ bands to Al species. However, their contrasting change in intensity with depth, compared to the framework Al band at 745 cm^−1^, implies that they are not related to framework Al, therefore, we have assigned them to extra‐framework Al species. The increase of both these bands indicates that the extra‐framework Al species in the Al rich region (that is inherent to these large zeolite ZSM‐5 crystals) is possibly due to the steric hindrance created by framework decomposition.

The formation of non‐framework Al due to steam treatment was shown previously by our group to occur mainly in the Al‐rich domains, rather than Al‐poor regions, by 2D μXRD measurements on single zeolite ZSM‐5 crystals.[12](#chem201805664-bib-0012){ref-type="ref"}

Z‐stack analysis showed layer by layer Brønsted acid distribution, crystal integrity variation and the distribution of extra‐framework Al species with respect to crystal pre‐treatment. However, all these variations were observed in pre‐defined regions and thus only portray changes related to the *z*‐direction rather than the whole analysis volume. In order to obtain the distribution of structural and chemical variations in all the measurement volume, principal component analysis (PCA) and subsequent clustering analysis (CA) were performed. In this case, instead of a specific location on the zeolite ZSM‐5 crystals we analyzed the complete spectra from each point obtained within every mapped area (indicated in green in Figure [3](#chem201805664-fig-0003){ref-type="fig"}).

In order to simplify the 3D dataset that contains thousands of individual Raman spectra, each map was clustered into six regions that have distinct and most similar spectral features. The PCA and clustering analysis result for each crystal is shown in Figure [10](#chem201805664-fig-0010){ref-type="fig"} a--c. The averaged Raman spectra of the clusters are shown in Figure [10](#chem201805664-fig-0010){ref-type="fig"} d--f. Clustering analysis distinguished the background of the Raman measurements from the real fingerprint spectra. Cluster number 2 (the blue cluster) was identified as the background for all the zeolites measured. We observed that the background cluster for each zeolite crystal slightly shifts in the maps taken from the deeper regions of the crystal. This could be caused by increased scattering effects in the Raman micro‐spectroscopy measurements from the deeper locations, a potential shift of the measurements when looked at as separate 2D layers. Therefore, cluster number 2 from each map was not considered in further analysis.

![Clustering results of each individual 2D Raman map of a zeolite a) P‐ZSM‐5, b) MT‐ZSM‐5 and c) ST‐ZSM‐5 crystal. Images are numbered from the zeolite surface towards the zeolite core. On the right hand side, numbering of the color‐coded clusters are given. The normalized, averaged Raman spectra of the respective clusters of the zeolite d) P‐ZSM‐5 e) MT‐ZSM‐5 f) ST‐ZSM‐5 crystal. 3D Raman map. The spectral integration time was 7 s.](CHEM-25-7158-g010){#chem201805664-fig-0010}

Clustering analysis showed that the overall heterogeneity increased due to steaming specifically near the crystal surface regions for both steamed zeolite ZSM‐5 crystals. The zoomed‐in Raman spectra of the regions of interest are shown in Figure [11](#chem201805664-fig-0011){ref-type="fig"}. The relative intensities of the Raman bands between 400 and 500 cm^−1^ were lower for the two steamed zeolite ZSM‐5 crystals than for the parent zeolite ZSM‐5 crystal. As these Raman bands can be related to zeolite structural integrity, the influence of the hydrothermal treatment can also be observed in the PCA and CA. PCA and CA also showed an increase of the Raman bands in the 800 cm^−1^ region that are indicative for the presence of extra‐framework Al species for the steamed zeolite ZSM‐5 crystals. Cluster number 3 for the zeolite MT‐ZSM‐5 crystal and cluster number 5 for the zeolite ST‐ZSM‐5 crystal had relatively higher intensity for both of these Raman bands. Both these mentioned clusters are located in the crystal rims. Therefore, PCA and CA indicate that extra‐framework Al is more abundant at the near edge regions in the steamed zeolite ZSM‐5 crystals.

![The zoomed‐in normalized, mean cluster Raman spectra of the zeolite ZSM‐5 crystal analyzed. 410--490 cm^−1^ spectral region of the zeolite a) P‐ZSM‐5, b) MT‐ZSM‐5 and c) ST‐ZSM‐5 crystal and 720--850 cm^−1^ region of the zeolite d) P‐ZSM‐5, e) MT‐ZSM‐5 and f) ST‐ZSM‐5 crystal.](CHEM-25-7158-g011){#chem201805664-fig-0011}

Conclusions {#chem201805664-sec-0003}
===========

Large zeolite ZSM‐5 crystals were mapped with 3D Raman spectroscopy to identify the chemical structure of the zeolite framework. Furthermore, the structural and chemical changes occurring during a steam treatment (at 500 and 700 °C) were investigated. The Raman active vibrational modes of zeolite ZSM‐5 that are related to Brønsted acid sites, defect sites, as well as structural integrity, were identified. Our experimental findings can serve as inspiration for theoreticians to further refine the assignments of vibrational modes of zeolite‐based materials.

Typical Raman bands, which are linked to zeolite structure integrity, are located at 454 and 470 cm^−1^. The intensity of these two Raman bands decreases with increasing steaming severity. In addition, another structure‐related Raman band was identified at 438 cm^−1^, which was found to be an indicator for the replacement of Al species by Si species. The band located at 800 cm^−1^ was also related to the structural integrity of the zeolite framework. Extra‐framework Al species were characterized by Raman bands at 814 and 832 cm^−1^. The amount of Brønsted acid sites (directly associated with framework Al distribution), which was correlated with a Raman band at 745 cm^−1^, was observed to change due to steaming.

3D Raman spectroscopy confirmed the presence of a gradually decreasing Al distribution from outer crystal surface towards the crystal core in the large zeolite ZSM‐5 crystals. The increasing heterogeneity upon steaming the zeolite ZSM‐5 crystals was observed to be more prominent in the near‐surface regions than in the crystal center. Defect sites are also formed in this steaming process, mainly in the near‐surface regions of the zeolite ZSM‐5 crystals. Further heterogeneities induced by steaming were followed by assessing the migration of framework Al species as well as the formation of extra‐framework Al species. Upon steaming, the Al sites that are enriched in the near surface region of the zeolite crystal partially move towards the center of the zeolite crystal, meanwhile, the remaining framework sites are filled with Si atoms. The relocated extra‐framework Al species also accumulate inside the Al‐rich region due to steric hindrance, thereby forming partially extra‐framework Al species.

Experimental Section {#chem201805664-sec-0004}
====================

Large zeolite ZSM‐5 crystals with a size of 100×20×20 μm (bulk Si/Al: 17) were provided by ExxonMobil (Machelen, Belgium) in their Na^+^ form. The starting chemicals for the synthesis of these zeolite ZSM‐5 crystals were: Ludox AS40 (40 wt. % in H~2~O, Sigma‐Aldrich), tetrapropylammonium bromide (TPABr, Fluka, ≥98 %), Al~2~(SO~4~)~3~⋅18 H~2~O (Baker, 98 %), and NH~4~OH (VWR, 29 %). The molar composition of the synthesis gel was 6.65 (NH~4~)~2~O/0.67 TPA~2~O/0.025 Al~2~O~3~/10 SiO~2~/121 H~2~O. Their synthesis and details on these materials have been reported in detail elsewhere[11](#chem201805664-bib-0011){ref-type="ref"}, [49](#chem201805664-bib-0049){ref-type="ref"}, [50](#chem201805664-bib-0050){ref-type="ref"}, [51](#chem201805664-bib-0051){ref-type="ref"}, [52](#chem201805664-bib-0052){ref-type="ref"}, [53](#chem201805664-bib-0053){ref-type="ref"}, [54](#chem201805664-bib-0054){ref-type="ref"} Both template removal and steaming were performed in the same manner as previous studies conducted in our group.[11](#chem201805664-bib-0011){ref-type="ref"}, [54](#chem201805664-bib-0054){ref-type="ref"} The as‐synthesized samples were first calcined at 500 °C with ramp rate of 1 °C min^−1^ for 12 h in air to remove the template in a flow oven. Subsequently, a triple ion exchange with a 10 wt. % ammonium nitrate (Acros Organics, \>99 %) solution was performed at 60 °C. After the repetition of the calcination step, the zeolite P‐ZSM‐5 crystals were obtained. Hydrothermal treatment (steaming) was performed in a quartz tubular oven (a Thermoline 79300 instrument) that was preheated to 120 °C. The zeolite P‐ZSM‐5 crystals were placed in the oven and water vapor (at 100 °C) was introduced into the tubular oven for 5 h at 500 °C to obtain mildly treated (MT‐ZSM‐5) and at 700 °C to obtain severely treated (ST‐ZSM‐5) zeolites. N~2~ with a flow rate of 180 mL min^−1^ was used as the carrier gas. A follow‐up calcination was performed in a static oven at 500 °C for 8 h for both of the steamed samples.

Three‐dimensional (3D) Raman spectroscopy measurements were recorded using a high‐resolution WITec alpha 300R Raman microscope using a 532 nm Nd:YAG laser with 14 mW power. The Raman spectra were measured in the range of 250--1000 cm^−1^, that is, encompassing the region with the highest intensity bands for the zeolite structure. The spatial resolution of the Raman microscopy measurements in the *xy* directions was calculated to be 0.4 μm. The confocality of the Raman spectrometer results in an estimated 1 μm depth resolution with the 100x objective lens (N.A.=0.9) used in the analysis. These calculations were done according to reference.[17](#chem201805664-bib-0017){ref-type="ref"} The 3D Raman spectroscopy datasets for each zeolite ZSM‐5 crystal under study consists of ten two dimensional (2D) maps measured in 50×20 μm areas. An argon‐mercury light source was used to calibrate the instrument. After scattering from the sample, the Raman light was collected in a 180° backscattering geometry and diffracted using an 1800 grooves mm^−1^ grating before reaching the Charge Coupled Device (CCD) detector. This instrument configuration produces a band resolution of 2 cm^−1^ in the spectral region of interest, as measured using the full width at half maximum of bands generated by an in‐built calibration light source. Tilt of the sample was removed using an automated topography correction. This correction is based on *z*‐stage position that was logged for the focal point observed in the optical image of the crystal surface at 25 evenly distributed points across the mapping area. This correction was applied to each of the maps independently so that the maps do not include the sample tilt in the *xy* plane.

For each zeolite crystal 2D Raman maps were acquired beginning at the crystal surface before the stage was lowered by 1 μm and a second 2D map was acquired. The confocality capability of the Raman spectrometer means that the entire volume can be analyzed at 1 μm depth resolution by focusing at increasingly deeper points within the crystal. In total half of the crystal depth (10 μm) could be probed. This corresponded to a quarter of an entire zeolite crystal as they were typically 100 μm long, thus twice the length of the mapped area. The collected 3D datasets were analyzed using two different methods. A *z*‐stack analysis was performed where we aimed to elucidate the modifications caused by steaming at 500 and at 700 °C with respect to the measurement depth. As the middle region of these large zeolite ZSM‐5 crystals showed very similar characteristics in a single 2D layer, we have averaged the spectra from a 5×5 μm area in the mid‐region of each 2D Raman map (Figure [3](#chem201805664-fig-0003){ref-type="fig"}). This analysis was performed for each measurement. Samples are sprinkled on an indium stub. The surface of the stub was subsequently flattened using a press tool. In this way, the samples were fixed on the stubs for the duration of the mapping measurements. Samples were measured under ambient conditions.

The second analysis on the 3D Raman maps of the zeolite ZSM‐5 crystals was performed using principal component analysis (PCA). PCA represents the dataset without using any a priori knowledge about the data characteristics,[61](#chem201805664-bib-0061){ref-type="ref"}, [62](#chem201805664-bib-0062){ref-type="ref"}, [63](#chem201805664-bib-0063){ref-type="ref"} and was used to reduce the hyper‐dimensional 3D Raman data set to *N*, that is 1600 for this study, components by choosing the first 4 principal components covering a cumulative variance explained (CVE) of 97 %. In this way, no significant information was lost but the noise could be reduced. Subsequent *k*‐means clustering was used to cluster all data points (representing all voxels of the data set) in the space spanned by these *N* first PCs with respect to their Euclidian distances from the cluster centers using the centroid linkage method.[64](#chem201805664-bib-0064){ref-type="ref"}, [65](#chem201805664-bib-0065){ref-type="ref"} With this approach, the voxels with most similar Raman spectra (i.e., data points close to each other in PC space) were pooled. PCA and clustering analysis was performed using an in‐house‐developed software package (XANES‐Wizard).[66](#chem201805664-bib-0066){ref-type="ref"}

Raman spectra obtained from the *z*‐stack analysis, and PCA and clustering, were fitted with the Fityk software using Voigt functions. Voigt functions were chosen for fitting as they have characteristics of both Gaussian and Lorentzian profiles.[67](#chem201805664-bib-0067){ref-type="ref"} Curve fitting for the determination of spectral parameters was performed with the software program Origin 9.0. The goodness‐of‐fit was indicated by the *χ* ^2^ value, which indicates the agreement between the calculated fit curve and the observed spectrum. Values between 1 and 3 imply that the curve fit converges towards the observed spectrum; values larger than 3 indicate that the iteration has reached a minimum, but does not converge.[68](#chem201805664-bib-0068){ref-type="ref"}
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